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Abstract 

The  hydrophobic  properties  of  carbon  fibers  improved  by  a  CF4  plasma  treatment  were  used  to  fabricate  gas  diffusion  layers  (GDLs)  for  use  in 
proton  exchange  membrane  fuel  cells.  The  water  contact  angle  of  the  CF4  plasma  treated  GDL  was  measured  as  132.8  d=  0.2°  at  45  °C  and  very 
few  surface  gas  diffusion  pores  were  either  sealed  or  blocked  by  the  excessive  hydrophobic  material  residuals.  Polarization  measurements  verified 
that  the  CF4  plasma  treated  modules  can  indeed  enhance  fuel  cell  performance,  compared  to  the  membrane  electrode  assemblies  (MEAs)  with  a 
non- wet-proofed  GDL,  10  wt%  PTFE  dip-coated  GDL,  and  commercially  available  GDL  (10  wt%  PTLE). 

©  2006  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Water  management  in  the  gas  diffusion  layer  (GDL)  plays  a 
crucial  role  in  the  research  and  development  of  proton  exchange 
membrane  fuel  cells  (PEMFC).  In  a  typical  PEMFC  system, 
water  transport  arises  from:  (1)  the  electroosmotic  drag  through 
the  electrolyte  membrane  [1,2],  (2)  the  direct  production  from 
the  cathodic  reduction  reaction  [3]  and  (3)  the  condensation  of 
water  vapor  from  the  humidified  reactant  feeds  [3-5].  Ideally,  a 
GDL  should  provide  an  efficient  pathway  for  the  gas  reactants 
to  be  fed  homogeneously  and  at  the  same  time  act  as  an  effective 
conduit  for  the  produced  liquid  water  to  be  removed  rapidly  with¬ 
out  blocking  the  reactant  gases  [4,6] .  With  water  transport  which 
occurs  either  nearby  or  inside  the  GDL,  a  good  GDL  should  be 
therefore  not  only  be  highly  conductive  but  also  porous  and  wet- 
proofed  [6,7].  An  effective  wet-proofing  procedure  determines 
the  hydrophobic  property  of  the  porous  GDL,  and  subsequently 
affects  the  overall  power  output  performance  of  the  PEMFC. 

Wet-proofed  GDLs  are  usually  prepared  by  coating  with 
hydrophobic  materials  (e.g.,  polytetrafluoroethylene  (PTFE) 
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[8-10]  or  fluorinated  ethylene  propylene  (FEP)  [11])  onto  a  raw 
GDL  (such  as  carbon  paper  or  carbon  cloth)  [6,12].  This  treat¬ 
ment  can  lead  to  a  large  contact  angle  between  liquid  water  and 
the  coated  GDL.  The  porous  channels  inside  the  wet-proofed 
GDL  are  thus  less  blocked  or  flooded  by  the  produced  liquid 
water  [12].  However,  the  wet-proofing  quality  of  the  GDLs  is 
generally  determined  not  only  by  the  loading  of  hydrophobic 
materials  [8-11]  but  also  by  the  techniques  utilized  to  coat  the 
wet-proofed  materials  onto  the  GDLs  [10,13].  For  example, 
power  output  differences  were  compared  in  the  work  of  Lee 
et  al.  among  the  rolling,  spraying  and  screen  printing  methods 
for  fabricating  wet-proofed  GDL  [13].  Paganin  et  al.  [9]  and 
Giorgi  et  al.  [10]  investigated  the  influence  of  PTFE  loading  on 
the  GDL  and  found  that  the  polarization  performances  of  the 
membrane  electrode  assembly  (MEA)  tend  to  decline  with  the 
increase  in  the  PTFE  contents. 

Although  the  non-intuitive  decrease  of  the  potential-current 
polarization  is  generally  attributed  to  the  GDL  porosity  varia¬ 
tion  as  the  loading  of  the  hydrophobic  material  increases  [9-1 1], 
Lim  and  Wang  [11]  also  pointed  out  the  surface  morphology  and 
distribution  of  the  hydrophobic  coating  materials  on  the  car¬ 
bon  paper  or  carbon  cloth  should  not  be  neglected.  This  surface 
morphology  and  distribution  problem  arises  from  the  fact  that 
excessive  liquid  in  hydrophobic  materials  may  migrate  (via  cap- 
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illary  action)  towards  the  carbon  paper  or  carbon  cloth  surfaces 
and  consequently  block  or  seal  the  surface  pores  during  the  dry¬ 
ing  process  of  the  wet-proofing  procedure.  The  power  output  of 
the  MEA  then  reduces  considerably  once  a  high  percentage  of 
surface  pores  in  a  single  GDL  are  sealed.  Nowadays,  a  homo¬ 
geneous  hydrophobic  coating  has  become  a  challenging  issue. 

The  present  work  proposes  a  new  CF4  plasma  treatment 
method  to  effectively  improve  the  hydrophobic  property  of 
the  GDL.  The  idea  is  adapted  from  the  radio  frequency  (rf) 
plasma  treatment  widely  applied  in  polymer  surface  property 
modifications  (such  as  adhesion,  etching,  grafting,  penetrabil¬ 
ity  and  wettability)  [14,15].  The  surface  plasma  treatment  does 
not  leave  excessive  hydrophobic  material  residuals  to  block  or 
seal  the  gas  diffusion  pores.  In  order  to  demonstrate  the  impor¬ 
tance  and  significance  of  a  “seal-free  GDL  (SF-GDL)”  for  the 
power  output  of  a  PEMFC,  the  Pt  loading  utilized  in  the  elec¬ 
trode  catalyst  layer  (CL)  in  this  study  was  intentionally  lowered 
to  a  level  conventionally  called  “ultra-low  Pt  loading”,  e.g., 
0.04-0.05  mg  cm-2  [16-18].  The  plasma  treatment  can  modify 
the  surface  morphologies  and  microstructure  of  the  wet-proofed 
GDL  to  enhance  the  MEA  or  fuel  cell  power  output  without  addi¬ 
tional  usage  of  expensive  electrocatalytic  elements.  Overall,  the 
achievement  of  SF-GDL  and  ultra-low  Pt  loading  through  the 
CF4  plasma  treatment  are  remarkable. 

2.  Experimental 

2.7.  GDL  preparation 

Before  going  to  the  details  of  the  GDL  preparation,  the  prin¬ 
ciple  of  the  radio  frequency  plasma  treatment  used  in  this  study 
is  briefly  introduced.  When  rf  power  is  applied  to  a  gas,  it 
is  excited  into  the  glow  discharge  condition  through  molecu¬ 
lar  oscillations  and  collisions.  The  elastic  collision  frequency 


(u)  of  the  gas  in  this  condition  is  usually  between  109  and 
1011  collisions  s-1,  which  is  much  higher  than  the  applied  rf 
[19]  and  the  electron  species  in  the  excited  gas  experience  much 
more  collisions  during  each  applied  field  cycle  [20] .  Due  to  the 
glow  discharge,  the  excited  and  globally  neutral  plasma  phase 
containing  highly  reactive  species,  such  as  ions,  electrons  and 
excited  molecules,  originates  from  the  mother  gas.  The  rf  power 
is  continuously  supplied  so  that  the  excited  gas  remains  in  the 
plasma  phase.  The  chemical  compositions  and  physical  char¬ 
acteristics  of  the  plasma  are  generally  determined  by  system 
parameters  as  reported  earlier  [15,21]. 

A  schematic  of  plasma  treatment  of  active  carbon  fibers 
(ACF)  is  shown  in  Fig.  1.  The  ACFs  (square  carbon  cloth  mats 
with  an  area  of  5  cm2)  were  obtained  from  BEAM  ASSOCIATE 
(Taiwan)  and  were  cleaned  by  a  reactive  ion  etcher  system 
(Trion  Phantom  III)  under  the  working  conditions  of:  25  seem 
O2  mass  flow,  150  W  working  power,  1  x  10-3  Torr  working 
pressure,  and  a  2400  s  reaction  time.  After  cleaning  the  ACFs, 
they  were  treated  by  the  CF4  plasma  method  with  a  CF4  mass 
flow  rate  of  25  seem,  a  rf  power  of  150  W,  a  working  pressure 
of  1  x  10  3  Torr,  and  a  reaction  time  of  2400  s  in  the  reactive 
ion  etcher  system  (Trion  Phantom  III).  The  CF4  plasma  treated 
carbon  cloth  mats  then  serve  as  the  first  set  of  GDL  in  this 
work.  The  second  set  of  GDL  used  in  this  work  was  made 
by  dip-coating  method.  The  ACF  mats  were  dip-coated  in 
10wt%  PTFE  solutions,  a  procedure  manually  performed  in 
an  open  beaker  with  a  dipping  time  of  approximately  12  s.  The 
dip-coated  carbon  cloth  mats  were  then  dried  in  a  vacuum  oven 
at  room  temperature  for  1  day. 

2.2.  Membrane  electrode  assembly  preparation 

The  ME  As  fabrication  procedure  is  as  follows.  A  Nafion® 
112  (Du  Pont)  polymer  electrolyte  membrane  (PEM)  was  first 
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Fig.  1.  Schematic  diagram  of  the  CF4  plasma  treatment  on  the  ACFs. 
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immersed  in  5%  H2O2  at  80  °C  for  1  h  to  eliminate  the  membrane 
surface  impurities.  The  PEMs  were  then  dipped  into  a  0.5  M 
H2SO4  solution  at  80  °C  for  another  hour.  Lastly,  the  PEMs 
were  routinely  washed  with  boiled  deionized  water  (D.I.  water) 
at  a  temperature  around  80  °C  many  times  [22]. 

After  pre-treatment,  a  10  wt%  Pt/C  catalyst  ink  was  prepared 
by  the  impregnation  method  [23]  by  using  the  chloroplatinic 
acid  as  the  metal  precursor  (Seedchem)  on  carbon  (XC-72)  and 
the  loading  of  the  Nation  solution  (Du  Pont)  was  5  wt%.  Note 
that  the  Pt/C  to  Nation  ratio  was  based  on  the  value  reported 
earlier  [17].  The  catalyst  ink  was  coated  onto  one  side  of  the 
pre-treated  PEMs  [24,25],  and  dried  at  80  °C  and  1  x  10-2  Torr 
vacuum  atmosphere  for  1  h.  The  reverse  side  or  opposite  side 
of  the  membrane  was  treated  similarly  after  the  first  side  of  the 
PEM  was  dried.  The  pre-treated  PEM  was  sandwiched  between 
two  layers  of  Pt/C  catalyst  ink  to  serve  as  anode  and  cathode 
and  the  anode/PEM/cathode  modules  were  designated  as  pre- 
MEAs.  Note  that  the  Pt  loading  was  kept  at  a  constant  value  of 


0.04  mg  cm-2  in  the  catalyst  ink.  Finally,  under  a  vacuum  atmo¬ 
sphere  of  0.6  Torr,  the  GDLs  and  pre-MEAs  were  first  pressed  by 
5  kg  cm-2  at  60  °C  for  30  s,  followed  by  30  kg  cm-2  at  130  °C 
for  60  s  [22]. 

2.3.  Experiments  on  the  GDL  surface  characterization  and 
fuel  cell  polarization 

The  morphology,  microstructure  and  component  analyses 
of  the  GDLs  (more  specifically  the  ACF  carbon  cloths)  were 
studied  by  JEOL  6700F  SEM,  Zeiss  902  A  TEM  and  energy 
dispersive  X-ray  spectroscopy  (EDXS).  The  liquid  water  con¬ 
tact  angle  (WCA)  at  the  surface  of  the  GDL  was  measured  by 
the  sessile-drop  method  using  a  contact  angle  system  FTA  200 
(ACIL  &  First  Ten  Angstroms  Inc.)  at  45  db  0.4  °C.  Four  samples 
with  at  least  three  spots  per  GDL  were  measured.  The  electrical 
resistivity  ( R )  of  the  ACFs  was  measured  by  an  Agilent  1645  IB 
dielectric  test  fixture  at  0.2kgfcm-2. 


Fig.  2.  Electron  microscopic  images  of  the  non-treated  (a  and  d),  10wt%  PTFE  dip-coating  treated  (b  and  e)  and  CF4  plasma  treated  wet-proofed  (c  and  f)  ACF 
surfaces,  (a-c)  At  high  resolution  and  (d-f)  at  low  resolution. 
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The  crystalline  phase  analyses  of  the  catalyst  ink  layers  were 
done  by  comparing  the  selected  area  diffraction  (Zeiss  902  A 
TEM,  SAD)  patterns  and  X-ray  diffraction  (MAC  MXT  III, 
XRD)  of  the  Pt/C  catalysts  to  those  of  the  standard  compounds 
documented  in  the  JCPDS  [22].  The  MEA  polarization  curves 
were  measured  by  a  FUEL  CELL  SYSTEM  (BEAM  ASSO¬ 
CIATE  CO.,  LTD)  with  the  reactant  streams  being  kept  at  a 
water  vapor  saturation  temperature  of  60  °C,  a  back  pressure  of 
10  psi  and  a  flow  rate  of  100  seem.  Usually,  in  fuel  cell  systems 
the  cell  operating  temperature  is  kept  higher  then  water  vapor 
saturation  temperature  [26].  In  our  previous  work,  the  operating 
temperature  inside  the  ME  As  was  kept  at  45  °C  to  control  the 
water  moiety  from  leaching  out  of  the  MEA  [22] .  In  this  work,  to 
emphasize  the  excellent  hydrophobic  property  of  the  GDL  after 
the  CF4  plasma  treatment,  the  vapor  saturation  temperature  was 
intentionally  set  at  60  °C  that  is  15  °C  higher  than  the  fuel  cell 
temperature. 

3.  Results  and  discussion 

3.1.  Characterization  of  the  gas  diffusion  layers 

Fig.  2  shows  the  electron  microscopy  of  the  non-treated  (a  and 
d),  10  wt%  PTFE  dip-coating  treated  (b  and  e)  and  CF4  plasma 
treated  wet-proofed  (c  and  f)  ACF  surfaces.  As  can  be  seen, 
the  dip-coated  PTFE  polymer  did  not  have  an  even  and  homo¬ 
geneous  distribution  on  the  ACF  surfaces  (Fig.  2b).  Moreover, 
almost  all  of  the  gas  diffusion  pores  next  to  the  cylindrical  carbon 
single  fibers  were  either  covered  or  sealed  by  the  hydrophobic 
polymer  material.  This  result  is  very  different  from  non-treated 
and  CF4  plasma  treated  conditions  (Fig.  2a  and  c).  The  excessive 
PTFE  content  is  thus  not  favorable  as  it  may  hinder  gas  diffusion 
and  water  removal  processes  [11].  Despite  similar  morpholo¬ 
gies,  additional  homogeneously  distributed  white  spots  were 
observed  on  the  CF4  plasma  treated  wet-proofed  ACF  surfaces, 
as  shown  in  Fig.  2c.  The  white  spots  actually  reflected  the  forma¬ 
tion  of  some  low  resistivity  spots  originating  from  the  fluorine 
molecules  and  CF3+  hydrophobic  functional  groups  implanted 
onto  the  carbon  fiber  via  the  CF4  plasma  treatment.  The  EDXS 
surface  analysis  diagram  (Fig.  3)  further  supports  the  predica¬ 
tion  that  the  homogeneously  distributed  white  spots  indeed  came 
from  the  CF4  plasma  treatment.  Most  importantly,  the  fluorine 
contents  can  largely  improve  hydrophobic  properties  of  the  CF4 
plasma  treated  ACFs. 

Fig.  4  shows  the  results  observed  from  the  sessile-drop 
tests  for  the  processed  ACFs  (i.e.,  GDLs).  The  water  con¬ 
tact  angles  (WCA)  for  the  10wt%  PTFE  dip-coated  ACFs 
and  CF4  plasma  treated  ACFs  were  measured  as  128.4  ±0.2° 
and  132.8  ±0.2°,  respectively.  Meanwhile,  due  to  the  high 
hydrophilicity  of  the  non-treated  case,  the  WCA  cannot  be  mea¬ 
sured  in  this  study.  Again,  these  results  are  quite  consistent 
with  the  above  observations.  The  inner  electrical  resistivity  (i.e., 
through-plane  conductivity)  values  measured  were  R  =  0.5  Q  for 
the  non-treated  (non- wet-proofed),  R  =  0.49£2  for  the  10wt% 
PTFE  dip-coated  (wet-proofed),  and  R  =  0.45  £2  for  the  CF4 
plasma  treated  (wet-proofed)  ACFs.  Although  the  CF4  plasma 
treated  ACFs  had  a  slightly  lower  electrical  resistivity,  the  differ- 


Fig.  3.  The  EDXS  surface  component  analysis  diagram  for  non-treated  (a)  and 
the  CF4  plasma  treated  (b)  ACFs. 

ence  in  the  electrical  resistivity  among  the  three  conditions  is  not 
obvious. 

Overall,  the  CF4  plasma  treated  ACFs  (or  GDLs)  can  attain  a 
desirable  hydrophobic  property  and  a  slightly  reduced  electrical 
resistance  without  having  the  surface  gas  diffusion  pores  sealed 
or  blocked  by  excessive  hydrophobic  material  residuals.  This 
result  in  turn  suggests  that  the  gaseous  reactants  are  likely  to 
have  a  better  access  to  the  inner  electrode  catalyst  layers  where 
the  primary  reactions  proceed.  The  polarization  curves  at  high 
current  densities  are  likely  to  preserve  a  higher  cell  voltage  since 
the  material  diffusion  effects  are  dominant  in  this  current  density 
region.  The  polarization  results  from  the  MEA  test  representing 
the  overall  performances  for  the  three  different  categories  will 
be  discussed  later.  Various  GDLs  (i.e.,  ACFs)  and  related  ME  As 
from  local  commercial  merchandise  (BEAM  ASSOCIATE  CO., 
Ltd.,  Taiwan)  will  also  be  compared.  Emphasis  will  be  placed 
on  the  cell  voltages  and  power  densities  at  high  current  densities 
(for  ultra-low  Pt  loading  conditions)  at  which  the  performance 
outputs  are  generally  determined  by  material  diffusion  effective¬ 
ness. 

3.2.  Micro  structure  and  crystal  structure  of  the  Pt/C 
catalysts 

Fig.  5a  illustrates  the  bright  field  morphology  of  the  10  wt% 
Pt/C  catalyst  ink  material  prepared  by  the  impregnation  method. 
As  can  be  seen,  the  Pt  and  carbon  appear  in  different  contrast 
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2  theta 

Fig.  5.  The  bright  held  morphology  (a)  and  the  X-ray  diffraction  diagram  (b)  of 
the  Pt/C  catalyst. 

levels.  According  to  the  literature  [27],  it  is  expected  that  the 
high-Z  regions  (i.e.,  high  mass  regions)  may  scatter  more  elec¬ 
trons  than  the  low-Z  regions  of  a  given  sample  having  a  constant 
thickness  throughout.  Therefore,  the  electron  scattering  from  the 
Pt  contents  causes  the  Pt  regions  or  high-Z  regions  on  the  sam¬ 
ple  to  exhibit  a  higher  contrast,  and  vice  versa  from  the  carbon 
contents.  Fig.  5a  also  reveals  a  homogeneous  Pt  particle  (aver¬ 
age  particle  diameter:  5  nm)  distribution  on  the  carbon  support 
for  the  Pt/C  catalyst  material  prepared  from  the  impregnation 
method.  From  the  obtained  SAD  patterns,  the  d  spacing  was 

o 

measured  as  2.265  A  for  the  (111)  reflection  of  the  Pt  phase  [22] . 
X-ray  diffraction  diagram  (XRD)  of  the  Pt/C  catalyst  material 
was  also  obtained  for  crystal  structure  analysis  (Fig.  5b).  In  sum, 
both  the  SAD  and  XRD  results  clearly  indicate  an  amorphous 
structure  of  the  carbon  carriers. 

Fig.  4.  Sessile-drop  test  for  the  (a)  non-treated,  (b)  10  wt%  PTFE  dip-coated  j  j  Polarization  and  power  density  testing 

and  (c)  CF4  plasma  treated  ACFs. 

Fig.  6  shows  the  polarization  results  with  a  lOpsi  back  pres¬ 
sure  for  various  groups  of  MEAs  chosen  in  this  study.  With  an 
open  circuit  voltage  (OCY)  of  0.82  V  and  a  reversible  poten- 
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Fig.  6.  The  polarization  results  with  a  10  psi  back  pressure  for  the  four  groups  of 
ME  As  studied.  Green  curve  (triangle  dotted),  red  curve  (circle  dotted),  blue  curve 
(upside-down  triangle  dotted),  black  curve  (square  dotted)  represents  the  MEAs 
with  untreated,  10  wt%  PTFE  dip-coated,  BEAM  and  CF4  plasma  treated  ACFs, 
respectively.  All  MEAs  used  in  the  test  has  a  Pt  loading  of  ~0.04  mg  cm-2. 


tial  of  1.23  V,  the  ohmic  polarization  ranges  of  the  four  ME  A 
groups  were  compared.  We  found  that  the  MEAs  with  CF4 
plasma  treated  ACFs  had  the  widest  ohmic  polarization  range  of 
15-130  mA  cm-2.  Whereas,  the  ohmic  range  of  the  MEAs  with 
10wt%  PETF  dip-coated  ACFs  and  commercial  BEAM  ACFs 
was  generally  the  same  (i.e.,  10-80  mA  cm-2).  The  narrowest 
ohmic  polarization  range  of  15-1 8  mA  cm-2  was  observed  on 
the  MEAs  with  non- wet-proofed  ACFs.  The  observed  trend  of 
the  ohmic  polarization  behavior  is  consistent  with  the  previously 
reported  results  [11,13]  and  demonstrates  how  the  power  output 
is  either  cut-off  or  shortened  when  liquid  water  distribution  in 
the  MEAs  is  not  well  managed. 
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Fig.  8.  The  polarization  results  with  a  20  psi  back  pressure  for  the  four  groups 
of  MEAs  studied.  Others  are  the  same  as  in  Fig.  6. 

Finally,  the  power  density  to  current  density  diagram  (P-I 
plot)  with  a  10  psi  back  pressure  is  given  in  Fig.  7.  Again,  for 
ultra-low  Pt  loading  conditions,  the  CF4  plasma  treated  MEAs 
shows  an  optimal  power  output  of  30  mW  cm-2  with  a  current 
density  of  90  mA  cm-2.  Note  that  the  values  are  far  greater  than 
those  (17.5  mW  cm-2,  50  mA  cm-2)  for  the  10  wt%  PTFE  dip- 
coated  and  commercial  BEAM  MEAs.  At  low  current  densities, 
the  loss  is  generally  due  to  a  very  poor  catalyst  layer,  a  very 
high  protonic  resistance  in  the  ionomer  due  to  dehydration,  or 
a  very  poor  contact  between  the  cell  elements,  such  as  between 
catalyst  layer  and  GDL.  Only  at  much  higher  current  densities, 
the  polarization  curves  start  to  be  affected  by  mass  transport 
limitations  of  which  GDLs  are  responsible.  Figs.  8  and  9  show 
the  polarization  results  and  P-I  plot  with  a  20  psi  back  pressure 
for  various  groups  of  MEAs  chosen  in  this  study.  As  can  be  seen, 
the  results  at  much  higher  current  densities  validate  the  excellent 
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Fig.  7.  The  power  density  to  current  density  diagram  with  a  10  psi  back  pressure 
for  the  four  groups  of  MEAs  studied.  Others  are  the  same  as  in  Fig.  6. 


Fig.  9.  The  power  density  to  current  density  diagram  with  a  20  psi  back  pressure 
for  the  four  groups  of  MEAs  studied.  Others  are  the  same  as  in  Fig.  6. 
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property  of  the  GDL  after  the  CF4  plasma  treatment  in  fuel  cell 
performance. 

4.  Conclusion 

Hydrophobic  properties  of  the  ACFs  (or  GDLs)  were  effec¬ 
tively  improved  by  the  CF4  plasma  treatment.  Surface  morpholo¬ 
gies  of  the  non- wet-proofed  ACFs,  the  10  wt%  PTFE  dip-coated 
ACFs  and  the  CF4  plasma  treated  ACFs  indicated  that  the  surface 
gas  diffusion  pores  of  the  CF4  plasma  treated  ACFs  were  appar¬ 
ently  less  sealed  or  blocked  by  excessive  hydrophobic  material 
residuals.  Water  contact  angles  (at  45  °C)  of  the  CF4  plasma 
treated  ACFs  and  the  10  wt%  PTFE  dip-coated  ACFs  were  mea¬ 
sured  to  be  132.8  zb  0.2°  and  128.4  ±0.2°,  respectively.  Polar¬ 
ization  and  power  density  measurements  were  compared  for 
four  cases:  the  ME  As  with  non- wet-proofed  ACFs,  the  ME  As 
with  10  wt%  PTFE  dip-coated  ACFs,  the  MEAs  with  commer¬ 
cially  fabricated  ACFs  (10  wt%  PTFE)  and  the  MEAs  with  CF4 
plasma  treated  ACFs.  The  results  showed  that  the  CF4  plasma 
treated  modules  had  the  best  performance  among  the  four  cases 
compared  in  the  present  study.  Future  work  will  be  conducted 
to  compare  the  CF4  plasma  treatment  with  other  hydrophobic 
material  coating  methods,  such  as  rolling,  spraying,  screen  print¬ 
ing,  etc. 
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